Regulatory T cells (T regs ) have been recognized as central mediators for maintaining peripheral tolerance and limiting autoimmune diseases. The loss of T regs or their function has been associated with exacerbation of autoimmune disease. However, the temporary loss of T regs in the chronic spontaneous disease model has not been investigated. In this study, we evaluated the role of T regs in a novel chronic spontaneous glomerulonephritis model of B cell lymphoma 2-interacting mediator (Bim) knock-out mice by transient depleting T regs . Bim is a pro-apoptotic member of the B cell lymphoma 2 (Bcl-2) family. Bim knock-out (Bim -/-
Introduction
Why spontaneous autoimmune diseases arise in selected individuals is a major question in autoimmunity [1] . While central deletion in the thymus limits autoimmune T cells, peripheral regulatory T cells (T regs ) play a major role in further limiting autoimmune disease. Loss of T regs or reduction in their function has been shown to exacerbate a range of clinical autoimmune diseases, such as inflammatory bowel disease (IBD), multiple sclerosis (MS) and systemic lupus erythematosus (SLE) [2] [3] [4] [5] . Shevach suggested that both T reg deficiency and a second signal or event was required for autoimmune organ disease, as demonstrated in his autoimmune gastritis model [6] . Therefore, studies of the temporary loss of T regs in an autoimmune susceptible animal allow analysis of whether this may be a mechanism for escape of autoreactive cells leading to autoimmune disease. T regs in kidney disease appear to act both on the innate and cognate immune system [7, 8] . Important roles for T regs in protecting against kidney injury in a variety of models and diseases have been identified [7] [8] [9] [10] [11] [12] . Depletion of T regs exacerbates adriamycin nephropathy (AN) and nephrotoxic nephritis (NTN), as well as a number of other kidney disorders, including ischaemia reperfusion injury (IRI) [8, 13, 14] . However, this has not been assessed in a model of spontaneous autoimmune kidney disease, where it could provide essential information on autoimmune kidney disease pathogenesis, as well as valuable insights into T reg mechanisms of immune-regulation and prevention strategies potentially applicable to humans.
Programmed cell death (apoptosis) is essential for the maintenance of cellular homeostasis in multi-cellular organisms. It can be mediated by either the mitochondrial pathway (stress or intrinsic pathway) or the death receptor pathway (activated by death ligands) [15] . The mitochondrial pathway uses the B cell lymphoma 2 (Bcl2) family of proteins that are both pro-and anti-apoptotic. B cell lymphoma 2-interacting mediator (Bim) belongs to the subgroup of pro-apoptotic proteins that resemble other Bcl-2 family members within the short BH3 domain [16, 17] . Bim plays critical roles in normal immune system homeostasis to control both the activation and apoptosis of autoreactive T cells by binding the prosurvival molecule Bcl-2 and regulating apoptotic signalling through Bax and Bak [15, [18] [19] [20] . Studies by Bim transgenic and gene knock-out mice have confirmed that apoptosis is regulated by the death-receptor pathway and the Bcl family-regulated pathway [21] . Recent studies have suggested that Bim-deficient mice contribute to increase T regs in NOD mice [22] and rescue T regs from inducible T cell co-stimulator (ICOS) blockade in aged mice [23] . Bim has also been reported to regulate T cell responses by reducing the effector T cell pool in animal models of viral infection [20] . Bim and other pro-apoptotic Bcl-2 family members may potentially limit autoimmune and malignant diseases [19, 24, 25] .
Bim knock-out (Bim -/-) mice exhibit spontaneous nephritis due to failure to delete autoreactive T cells in the thymus [17, 26] . In Bim -/-mice autoimmune kidney disease is associated with accumulation of lymphoid and myeloid cells, the presence of increased numbers of activated CD4 and CD8 T cells and B cells and higher levels of all classes of circulating antibodies immunoglobulin (Ig)M, IgG and IgA [26] [27] [28] [29] . Further disease in these mice is predominantly kidney in nature compared to Bim -/-, combined with knock-outs of other members of the apoptosis family that can lead to vasculitis and insulitis [18] . Further, the Bim -/-mouse, which develops spontaneous autoimmune kidney disease, differs from other models in which disease is induced. The kidney disease in all these studies appears autoimmune in nature and thus has been studied here by immunofluorescence and histology, although electronmicroscopy could potentially aid in identifying immune deposits. In this study, we depleted T regs from Bim -/-mice and Bim heterozygous (Bim 1/-) mice and assessed the development of autoimmune kidney disease and the effector and regulatory mechanisms involved. 
Materials and methods

Mice
Kidney function
Blood, spleen and kidney samples were obtained from mice in each group at 2 and 6 months. Kidney function was assessed by 16-h measurement of urine protein excretion and serum creatinine using methodology described previously [8, 30] .
Enzyme-linked immunosorbent assay (ELISA) 
BD cytometric bead array
The BD cytometric bead array (CBA) mouse T helper type 1 (Th1)/Th2/Th17 cytokine kit was used to detect serum interleukin (IL)22, IL-4, IL-6, interferon (IFN)-g, tumour necrosis factor (TNF)-a, IL-17a and IL-10, following the manufacturer's instructions (BD Bioscience). The data were analysed by FCAP Array Software (BD Biosciences).
Histology and morphometric evaluation
Kidneys were fixed in neutral buffered formalin at room temperature for 24 h and embedded in paraffin stained with periodic acid-Schiff (PAS) reagent and assessed by light microscopy. Cortex of the kidney was snap-frozen in liquid nitrogen for RNA and immunohistochemistry using optimal cutting temperature media (Sakura Fintek Inc., Torrance, CA, USA). The degree of kidney injury was assessed by two blinded observers, as described previously [8] .
Immunohistochemistry
Immunohistochemical staining was performed for CD4, CD8 and macrophages (eBioscience; anti-mouse FoxP3, clone FJK-16s). Primary antibodies used in immunohistochemistry were as follows: CD4 1 (rat anti-mouse L3T4; Sigma), CD8 1 (rat anti-mouse Ly-2; PharMingen, San Jose, CA, USA) and macrophages (rat anti-mouse Mac-3; PharMingen). Secondary antibody used was biotinylated rabbit anti-rat Ig (Dako Corporation, Carpenteria, CA, USA). Five-lm sections were cut, dried and fixed in cold acetone. Endogenous peroxidase activity and endogenous avidin binding activity were blocked. Normal rat Ig was used for control. Sections were incubated with secondary antibodies and 3,3-diaminobenzidine (DAB) (Dako). Slides were counterstained with haematoxylin (Sigma). For assessment of interstitial infiltration, positively stained cells located in interstitium only were counted from five random cortical fields (magnification 3400) in each section, and the numbers averaged for each field. Glomerular macrophage infiltration was evaluated as the number of macrophages per 10 glomerular cross-sections.
Immunofluorescence staining
Immunofluorescence staining of IgG in kidney sections was performed to assess immune-complex deposition on glomeruli. Frozen sections were incubated with goat serum [15 min, room temperature (RT)] followed by FITC rabbit anti-mouse IgG antibody (Invitrogen, Mulgrave, VIC, Australia) for 2 h at room temperature. Images (magnification 3400) were taken using DeltaVision core microscope (Applied Precision, Inc., Issaquah, WA, USA).
Real-time PCR for IL-4, IL-6, IL10, IL-17 and TGF-b
Total RNA was isolated from mouse kidney and was reverse-transcribed [8] . cDNAs were subjected to quantitative PCR analyses using mixtures of commercial primers and Taqman probes specific for IL-4, IL-6, IL-10, IL-17, TGF-b and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Applied Biosystems, Sydney, NSW, Australia) [8] . Each sample was run in triplicate.
Proliferation assays 
Statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA). Results are expressed as the group mean 6 standard deviation (s.d.). Two group differences were analysed by Student's t-test. A P-value (two-tailed) of less than 0Á05 was considered statistically significant.
Results
Bim
-/-mice developed chronic kidney disease by 6 months of age after maintaining normal kidney function and normal kidney histology at 2 months distinguished by genotyping with a single PCR band for the same alleles, short length since mutation and Bim 1/-mice by two bands with different alleles in different lengths from C57BL/6 WT mice by agarose gel electrophoresis (Fig. 1a) . At 5 months of age, both Bim -/-and Bim 1/-mice had normal serum creatinine and urinary protein excretion (Fig. 1b, c) . By 6 months, Bim -/-mice had developed chronic kidney disease with significantly heavier proteinuria and higher serum creatinine compared with Bim 1/-and WT mice (Fig. 1b , c; *P < 0Á05). However, kidney histology was still normal in these mice at 6 months of age (Fig. 1d ). There were no histological changes, cell infiltrates or immune complex deposition in glomeruli of 6-month-old heterozygous Bim knock-out mice. BIM -/-mice had increased T reg numbers at 2 months of age compared with C57BL/6 WT mice. There were significantly increased numbers of CD4 (Fig. 1e , n 5 5,
Natural T regs were temporarily depleted by PC61
In this study, Bim mice at 2 months of age were treated with PC61, a rat anti-mouse CD25 monoclonal antibody to deplete CD4 T regs were reduced from 7 to 8% (WT and IgG control injected mice) to less than 1% (PC61 injected mice) of total CD4 1 T cells (Fig. 2a , n 5 5, P < 0Á01). Lower levels of T regs were observed for 2-4 weeks after PC61 injection. Two to 4 months after PC61 injection, CD4 1 CD25 1 T cell numbers had recovered and had increased to 14 6 2% of total CD4
1 T cells in all four groups of mice (Fig. 2b) , which was higher than T regs in WT mice (8 6 1Á4%, Fig. 2d , n 5 5 in each group, P < 0Á01). There were no significant differences in the number of CD4 1 CD25 1 T cells and CD4 1 FoxP3 1 T cells among the four groups of mice at 6 months of age (Fig. 2b, c , P > 0Á05). The proportion of FoxP3 1 cells among total CD4 1 T cells had increased significantly (from 10 to 24%, P < 0Á01) in all four groups of mice at 6 months of age (Fig. 2c, d ).
Bim -/-mice had more severe kidney damage and inflammatory cell infiltration with T reg depletion Urinary protein excretion and serum creatinine were assessed in all four groups of the mice at 1 and 4 months after T reg depletion (groups 1 and 3) or control antibody injection (groups 2 and 4). Proteinuria increased significantly in mice of the Bim -/-PC61 group compared with Bim -/-IgG and Bim 1 / -IgG mice at 1 month after PC61 injection (P < 0Á05, Fig. 3a) . With time, proteinuria and serum creatinine increased significantly in both Bim -/-PC61 and Bim 1 / -PC61 groups compared with the mice of IgG injected groups (P < 0Á05 or P < 0Á01, Fig. 3b, c) . Mice injected with PC61 developed significant body weight loss, while IgG injected groups showed better maintenance of body weight in both Bim -/-and Bim 1 / -mice (P < 0Á05 or P < 0Á01, Fig. 3d ). Histological examination revealed significant glomerular injury and a moderate interstitial infiltrate of inflammatory cells in mice of the Bim -/-PC61 group (Fig. 4a) . Mice in the Bim -/-IgG and Bim 1 / -IgG groups had only mild damage of the glomeruli and tubules, and less interstitial infiltration of inflammatory cells (Fig. 4a) . Furthermore, mice in the Bim -/-PC61 group showed significantly more immune deposition along the glomerular basement membrane (GBM), compared to lesser immune deposits in the other three groups of Bim mice and no deposits in WT mice (Fig. 4b) .
To assess the cellular composition of inflammatory infiltrates, we performed immunohistochemistry of the kidney of 6-month-old mice. There was a marked increase of infiltrating CD4
1 T cells, CD8 1 T cells and macrophages in the Bim -/-PC61 mice compared to the other three groups (P < 0Á01) (Fig. 5a, b) .
Mouse IgG is increased in Bim -/-mice
Mouse total IgG was measured for the four groups of Bim mice and in WT B6 mice (n 5 4) by ELISA (Fig. 3e) . Serum IgG levels were increased for all four groups of Bim mice compared with WT mice (P < 0Á01). However, there were no significant differences between the four groups of Bim mice (P > 0Á05).
Bim -/-mice had exacerbation of Th1, Th2 and Th17 cytokine expression after T reg depletion Serum cytokines IL-2, IL-4, IL-6, IFN-g, TNF-a, IL-17a and IL-10 were assessed using the CBA mouse Th1/Th2/ Th17 cytokine kit. All seven serum cytokines were undetectable in group 4 (Bim 1/-IgG) mice and increased slightly in group 2 (Bim -/-IgG) and group 3 (Bim 1/-PC61) mice. There were significantly increased levels of all classes of serum cytokines in Bim -/-PC61 mice (P < 0Á05 or P < 0Á01, Fig. 6a-c) . Cytokine levels in kidney were evaluated by reverse transcription-polymerase chain reaction (RT-PCR) in the four groups of mice. We observed an increase at IL-6, IL-10 and TGF-b mRNA levels in the Bim -/-PC61 group compared to the other groups (Fig.  6d ), which were similar in pattern to the protein levels measured, but were not significantly different between groups. IL-4, IFN-g and IL-17 mRNA were not detected in the kidney in all four groups of mice. T regs from Bim -/-mice have less suppressive function of than those from C57BL/6 WT mice 
CD25
1 cells were 94-95% (Fig. 7a) . Furthermore 93-94% of the isolated CD4
1
CD25
1 cells were FoxP3 1 T cells (Fig. 7b) . with anti-CD3 mAb (P < 0Á05, Fig. 7c ). In contrast, CD4 1 CD25 1 T cells from Bim -/-mice showed less suppressive activity under the same conditions [not significant (n.s.), Fig. 7c ].
Discussion
Autoimmune kidney disease frequently presents insidiously without a clear initiating event. In many other autoimmune 
CD25
1 regulatory T cells (T regs ) from B cell lymphoma 2-interacting mediator (Bim) -/-mice exacerbated kidney injury. Urinary protein excretion was measured at 3 months (a) and 6 months (b) after PC61 injection. Serum creatinine (b) and body weight (d) were assessed at 4 months after PC61 injection in four groups of mice (data are representative of three independent experiments, n 5 5 for each group, *P < 0Á05 or **P < 0Á01). (e) Serum immunoglobulin (Ig)G was measured by enzyme-linked immunosorbent assay (ELISA) for four groups of Bim mice (n 5 5 for each group) and wild-type (WT) B6 mice (n 5 4) in triplicate for each sample. Absorbance was read at 450 nm corrected against background reading at 570 nm (**P < 0Á01).
Exacerbation of nephritis by T reg depletion in BIM-deficient mice diseases a reduced number or function of T reg cells has been associated with development and progression of disease [31] [32] [33] . In a number of induced kidney nephritis and injury models, T regs play a role in protecting against disease and the absence of T regs leads to exacerbation of kidney disease [7, 8, 14, 34] . In membranous nephritis a cognate antigen, phospholipase A2 receptor (PLA2R), has now been identified, and this suggests that loss of self-tolerance to PLA2R may be associated with peripheral defects in T regs [35, 36] . Bim -/-mice provide a model of enhanced susceptibility to autoimmune disease due to the failure to delete effector T cells in the thymus. Additionally, Bim -/-mice have enhanced T reg numbers with time due to a protection from apoptosis of T regs with Bim deficiency [26, [37] [38] [39] . This study showed that Bim -/-mice maintained normal kidney function and normal kidney histology at 2 months of age, but gradually developed chronic kidney disease with significantly heavier proteinuria and higher serum creatinine. We also demonstrated that Bim -/-mice have more severe kidney damage and more inflammatory cell infiltration in kidneys, and there was up-regulation of Th1, Th2 and Th17 cytokine expression at protein level in Bim -/-mice with T reg depletion. Furthermore, in-vitro proliferation assays demonstrated less suppressive function of T regs from Bim -/-mice than those from C57BL/6 WT mice. These data provide evidence that in the temporary absence of T regs there is an escape of effector T cells of all classes, leading to rapid progression of autoimmune kidney disease.
Hayashi et al. have showed that depletion of T regs using PC61 in black and white F 1 (BWF 1 ) mice at 3 days after birth accelerated the development of glomerulonephritis with enhanced cytokine production of IL-6 and IFN-g [40] . In our study, we have used a spontaneous model of glomerulonephritis (GN) and depleted CD4
1 CD25 1 T cells in Bim-deficient mice on a B6 background at 2 months of age. Bim -/-mice on other backgrounds develop lethal GN, but it is less severe on the B6 background. In our previous studies, we have observed that adriamycin induced nephropathy for BALB/c mice, while B6 mice are relatively resistant [8, 30] . This selective susceptibility to kidney injury appears to have a genetic basis [41] . Therefore, Bim -/-mice on a B6 background have the advantage of being a mild model of renal injury with acceptable mortality and morbidity, allowing study of the removal of regulatory mechanisms.
In this study, we demonstrated that Bim -/-mice develop spontaneous kidney disease with age and that T reg depletion is associated with exacerbation of this disease with increased proteinuria, worse kidney function and reduced body weight. Mice developed a similar autoimmune nephritis as described previously with IgG deposition and glomerular injury. There was a marked increase in kidney interstitial infiltrate comprising T cells and macrophages. Serum IgG levels increased in all four groups of Bim mice compared with WT mice. Serum levels of cytokines IL-2, IL-4, IL-6, IL-10, IL-17a, IFN-g and TNF-a were increased significantly after T reg depletion in Bim -/-mice. A nonsignificant increase in IL-6, IL-10 and TGF-b mRNA levels was observed in kidneys of mice in the Bim -/-PC61 group. Interestingly, neither IFN-g or IL-17 were increased in the kidney, suggesting that much of the effect found was due to systemic changes, with evidence of Th1, Th2 and Th17 activation. Studies have suggested that the balance between effector T cells and T regs can be altered by modulating the apoptosis pathway [42, 43] . Induced T regs and effector T cells differ in their sensitivity to apoptotic stimuli due to their altered ratio of Bim/Bcl-2 expression. Bim is a pro-apoptotic protein that requires developing T reg cells to compete with one another to limit amounts of gamma chain-dependent cytokine signals in the thymus [44] . In this study, there was an increase in the serum level of all cytokines and a significant increase Bim -/-mice from autoimmune disease and are less suppressive in culture due to blockade of apoptosis pathways [45] .
T regs accumulate in aged animals and, with low expression of Bim, impact negatively the ability to control persistent infection [37, 38, 46] . In addition, T regs proliferate under IL-2 stimulation through elevation of anti-apoptotic regulators and inhibition of pro-apoptotic Bim [47] [48] [49] . Because of the enhanced T reg numbers in Bim -/-mice, this is a useful model to examine the effect of T reg depletion. It appears that these mice have enhanced effector T cells kept in check by increased numbers of T regs , although these may have impaired function compared with normal T regs , as has been shown in Bim -/-T regs in mouse models of IBD where they are less effective than WT [50] . Interestingly, on a T cell receptor (TCR) transgenic background, Bim-deficient T regs are equally as potent as WT in non-obese diabetic (NOD) mice in protecting against diabetes suggesting that this deficiency in function may reflect survival of a T reg population with a less effective TCR repertoire [37, 51] . This is reflected in the marked increase in effector T cell cytokines of all subsets found with the removal of T regs by PC61 depletion. Although PC61 depletion does not remove all T regs , this was sufficient to induce disease [52] . The restoration of T reg numbers after T reg depletion is not enough to re-establish control of effector T cells, suggesting that once they have escaped regulation, the effector T cells are more difficult to control and are pathogenic, as found in these mice with exacerbation of kidney disease.
In conclusion, these data support the idea that autoimmune disease of the kidney may result from temporary reduction of T reg cells. Here, in a model of spontaneous chronic kidney disease, we demonstrate that transient depletion of T regs leads to enhanced T effector cell function followed by exacerbation of kidney disease. Compared to induced models of kidney disease, this model of autoimmune nephritis may more reflect perturbations that precede human kidney disease.
